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CURVED  PERMEABLE  WALL INDUCTION TORCH TESTS 

By Char les  E .  Vogel 

SUMMARY 

An experimental  program  was  conducted  which  included  the  design, 
mater ia ls   select ion,   and  operat ion of an  induction  plasma  torch  incorporating 
permeable  walls  and  solid-feed  techniques.  This  program  achieved  simulation 
of these   des ign   f ea tu re s  of a Gas  Core  Nuclear  Rocket.   Several   designs  were 
invest igated  and  experimental   data   obtained  for   each of these   des igns .  A 
materials  evaluation  program  resulted  in a refractory  oxide  and  sodium  being 
chosen  as the  referenced  materials  for  the  permeable  wall   and  solid-feed 
respectively.   During  actual  laboratory  testing it was  found  that   extremely  stable 
operation  could  be  achieved  with all of the  gas   f low  in   the  torch  being  intro-  
duced  through  the  permeable  wall .   Additionally,  it was  possible  to sus t a in  a 
plasma  consis t ing  ent i re ly  of vaporized  sodium.  This  plasma  ball  was  suspended 
ins ide  of a permeable  wall   torch  in  which  nitrogen  was  being  introduced  through 
the  walls.   The mass rat io  of nitrogen to sodium  obtained  in   these  experiments  
was  from 1 , 500/1 to 5,000/1  Mixing  profiles of the   gas   f low  wi th   an   a rgon  
core  operating  inside of an   a i r   cooled   permeable   wal l   revea led   tha t   no  
recirculation  was  experienced  in  this  configuration  when a plasma  was  present.  
During  cold  f low  the  amount of ci rculat ion  was  considerably less than   tha t  
previously  experienced  in  a coaxial   f low  torch.  These  mixing  patterns  coupled 
with  the  high mass ratios  obtained  during  the  solid-feed  operation  indicate 
that   the   current   design  for   fuel   containment   in  a coaxial   f low  Gas  Core  Nuclear  
Rocket is rea l i s t ic .  

INTRODUCTIQN 

The  design of the  Gas  Core  Nuclear   Rocket  (GCNR) includes  the 
provision  for  adding  solid  fuel  material  into  the  reactor  cavity  where it is 
vaporized  and  becomes a part of the  f iss ioning  bal l  of fuel.  There is also 
provision  for  introducing  the  coolant-propellant  gas  through  the  walls of the  
reactor  chamber  where it is heated  by  radiation  from  the  fissioning  ball of fuel  
and  then  exhausted  through a nozzle.  (Figure 1) Previous  work  with  the 
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induction  plasma  simulator ' l 2 I 3  has  been  l imited to a coaxial f low  gaseous  
core  simulator  where  mixing  and  temperature  distributions  were  studied a t  
var ious   core   gas  to propel lant   f low  ra t ios  , sca l e -up  to 1 , 0 0 0  kW,  and  diameters  
up  to six  inches.   This  report   describes  experimental   work  which  added  the 
solid-feed  and  permeable  wall   features to the  induct ion  plasma  s imulator .  

DESIGN  CONSIDERATIONS 

Solid-Feed 

In  an  operat ing  induct ion  coupled  plasma  torch it has   been  found  that  
d number of mater ia ls   can  be  vaporized  and  subsequent ly   ionized to form  the 
plasma  simulating  the  fuel of the  GCNR. By properly  selecting  the  materials 
and  techniques  for  introducing  them  into  the  plasma, it is poss ib le  to ga in  
information as  to how  the  uranium  can  be  fed  into  the  GCNR.  Three  basic 
classes of m a t e r i a l s ,   g a s e s ,  sa l ts ,  and  metals, have  been  considered  for  
these  s imulat ion  s tudies .   Different   types of inject ion  systems  must   be  used 
for   each  of these   d i f f e ren t   c l a s ses  of mater ia l s   and ,   therefore ,   the   des ign  of 
the  system  must   take  into  account   the  kind of mater ia l s   tha t   a re  to be   u sed .  
A more  thorough  discussion of the   spec i f ic  materials uti l ized  in  this  program 
is included in  a subsequent   sec t ion  of this   report .  

The  introduction of gases   into  the  plasma  torch  to   form  an  arc-plasma 
ball is typically  performed  by  utilization of a device   ca l led  a gas  mixer  which 
is posi t ioned  in   the  torch  base.   This   device  has   several  sets of holes  through 
which   gas   can  be introduced  either  parallel  to,  perpendicular to ,  or   swir l ing 
around  the  major axis of the  torch.  All of TAFA's standard  production  induction 
coupled  plasma  torches  introduce  gases   through some combination of these   ho le s .  
Figure 2 is a schematic   drawing of a typical   torch.  In more sophis t ica ted   to rch  
d e s i g n s ,  a sheath  gas   f lowing  around  the  plasma  bal l   can be introduced  by 
including some sor t  of a separator  within  the  torch  around  the  plasma  ball  a s  
shown  in  Figure 3 .  One of the   advantages  of this  geometry is tha t   one   t ype  
of gas   can  be  introduced  into  the  plasma ball and  a second  type  introduced 
around  the  plasma  in a coaxial   f low  mode. A third  design for gas   inject ion 
into a plasma  torch,   which  even more closely  s imulates   the  requirements  of 
the  CCNR, is shown  in  Figure 4 .  This  design  provides a water  cooled  probe 
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inser ted  into  the  torch  in   such a way  that   the   gas   introduced  through  this   probe 
is introduced  direct ly   into  the  plasma ball. Addit ional   gases   can  then be 
introduced at other  appropriate  positions  throughout  the  torch.  Previous  work 
conducted in  support  of the  GCNR pro ram has  uti l ized  both  the  standard gas 
mixer  and  the  sheath  type  torch. ' I 2  Recent   s tudies   have  been made wi th   the  
inject ion  probe  design  and  are   descr ibed  in   the  experimental   procedure  port ion 
of this   report .  

For  the  introduction of salts in to   the   p lasma,   an   en t i re ly   new feed 
system  had to be  designed.   Ini t ia l ly   this   consis ted of a graphite  rod  with a 
small (approximately 1/8" diameter)  hole  drilled  along its axis through  which 
salts could be injected.   Sufficient  material  to sus t a in  a plasma  could  not  be 
introduced  in  this  way so a crucible   was  inser ted  near   the  base of the   to rch  
from  which a sufficient  quantity of salt could  be  vaporized.  A typical   torch 
with a crucible   feed is shown  in  Figure 5 Rather  large  diameter  crucibles  were 
used  (i.e. a 1 1/2"  diameter   crucible   in  a 3 " diameter  torch) so that   large 
surface  areas  would be presented to the  plasma  and  suff ic ient   vaporizat ion 
rates  could  be  obtained. 

Since  the  design of the  G C N R  and  the  ul t imate   goal  of this   development  
program is to introduce  the  plasma  forming material in  the  form of a sol id   rod,  
several   in ject ion  techniques  for   the  introduct ion of solids to the  plasma  were 
designed  Ini t ia l ly  a 1/8" diameter  metal rod.  was  inserted  inside of a 1/4" 
diameter  graphite  rod  and  this  assembly  placed  into  the  torch.  The  purpose 
of the  graphi te   rod  in   this   design  was to conta in   the  metal which  would become 
molten  prior to vaporizat ion.   I t   was  recognized  that  some. graphite  would 
vaporize,   but   this   did  not  seem detrimental  to the   goa ls  of the test. A second 
des ign   cons is ted  of a larger  diameter  graphite  rod,  approximately 1 /2 "  in 
diameter,   in  which a funnel-shaped  cavity  was  made a t  the  exit end.   This  
rod also had a hole  drilled  through its entire  length.   The  goal  here  was to 
feed   the  metal in  the  f2rm of a small diameter  rod  up  through  the  central  hole 
into  the  funnel-shaped  area  where  the  material   would become molten  and  then 
vaporize,   forming  the  plasma  inside of the  torch.  The  funnel-shaped  end 
provided a larger   surface  area for vaporization  and  thereby a la rger   feed  rate 
of mater ia l   in to   the  plasma.  A third  design  for  metal in jec t ion   was   the  
ut i l izat ion of a water-cooled  copper  probe  which  contained a central   hole  
a long its axis through  which metal wire  could  be fed. The  concept   here   was 
to maintain  the metal below its melting  point  out to the  end of the  water   cooled 
sec t ion   and   then   have  a small length  exposed  where  melting  and  vaporization 
could  occur   into  the  plasma  bal l .  



Permeable  Wall 

The  conceptual   design of the  GCNR includes  the  provision  for  introduc- 
ing  the  coolant-propellant  gas  through  the  wall  of the  reactor   chamber   in  some 
manner.  This  may be through  an   open   mesh ,   shut te rs ,  a permeable  material, 
or  perhaps some combination of these  or   other   appropriate   techniques.   For   the 
purposes of laboratory  experimentation  using  the  induction  coupled  plasma 
torch,  a permeable   wal l   was  selected as the   des ign   technique  to be  ut i l ized.  
By proper  design it was  possible  to introduce a t  se lec ted   ax ia l   pos i t ions   a long  
the  torch  var ious  amounts  of gas   f low  through  the   wal l   o r   even   d i f fe ren t   gases  
if so des i red .  

The  initial  model  was a s t ra ight   paral le l   wal l   device as shown  in  Figure 
6 .  The  goal of des igning   th i s   device   was  to dupl icate  a standard  torch,  about 
which  operating  conditions  are  well   known,  except  for  the  addition of the  
permeable  wall .   This  simple  configuration  would  serve as a mater ia l   evaluat ion 
device  before  more  complicated  shapes  were  fabricated  and also for  obtaining 
gas  mixing  patterns  within  the  torch  that   could  be  compared  directly to mixing 
profiles  previously  obtained  in a solid-wall  coaxial flow  torch. 3 

In the  ut i l izat ion of low  e lectr ical ly   conduct ive  mater ia ls   (general ly  
considered  non-conductors)  the  design of the  paral le l   wal l   torch  was  ra ther  
straightforward  inasmuch  as a cylinder of material   could  be  simply  inserted 
in   the  torch.   When  e lectr ical ly   conduct ive  mater ia l   was  used,   however ,   the  
design  became  much  more  complicated  and  required  segmentation of the  wal l  
so tha t  a complete   e lectr ical   path  was  not   exis tent   around  the  c i rcumference 
of the  torch.  Figures 7 and 8 i l lus t ra te   the   des ign   and   an   ac tua l   photograph  
of such  a segmented  walled  torch. 

The  design of a curved-permeable  wall  torch  incorporated a cyl inder ,  
as  previously  descr ibed,   which  had  curved  inser ts   p laced  in   each  end.   Figure 
9 shows  two  configurations  uti l ized.  Because  non-segmented  graphite  was 
used  for   the  curved  inser ts ,  it was   necessary  to have  suff ic ient   spacing 
between  them to prevent  direct   coupling to the  induction coil. 

4 



MATERIAL SELECTION 

Solid-Feed 

A number of factors   dictated  the  mater ia ls   selected as  solid-feed 
candidates .   The ease of ionization  the  boil ing  point,   the  l iquidus  range 
the   hea t  of vaporization  and  the  toxicity  were all prime  considerations. 
Table I lists the  candidate   mater ia ls   and  notes  some of their   properties  which 
made  them  desirable   for   this   appl icat ion.  

For  the  direct   injection of gas   i n to   t he  plasma, argon  was  the  obvious 
choice   s ince  it is one  of the  m o s t  readi ly   ionized  gases   and  considerable  
experience  has   been  gained  with  argon  in   induct ion  plasma  torches.   Sodium 
chlor ide  was  chosen  for   the  sal t   in ject ion  technique  pr imari ly   because of the  
ease of ionizing  sodium.  For  the  solid-feed  system,  zinc  was  chosen  because 
of its low  la tent   heat   vaporizat ion.   Subsequent ly ,   wi th   the  complet ion of a n  
adequate  ventilation  system  sodium metal was  employed. Aluminum manganese 
and 50/50 t in/ lead  solder   were  a lso  tes ted but  none of these  performed as 
wel l  as the  materials  noted  above.  Obviously  the  induction  plasma  simulator 
has   an  addi t ional   e lectr ical   res t r ic t ion  not   present   in   the GCNR.  That is I the  
electr ical   conduct ivi ty   and  associated  temperature  of the  arc-plasma  region 
must be compatible  with  the  available  power  supply.  In the  case of the  tests 
conducted  in  this  program  the  power  supplies  available  l imited  materials 
se lec t ion  to mater ia ls   which  would  ionize  re la t ively  easi ly  at low  vaporization 
temperatures.  

Permeable  Wall 

The  primary  material  properties  which  must  be  evaluated  for  application 
as  a permeable  wall  include  the  following:  permeability,  electrical  conductivity, 
thermal  stress  melting  point I fabricabi l i ty ,   and  mechanical   s t rength.   Ini t ia l ly  
the  degree of permeability  required for successful   operat ion  was  not   known 
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however TAFA has  had  considerable   experience  with  the  design  and  operat ion 
of permeable   anodes  used  in   dc  plasma  torches.  4 , *  It was   des i rab le  to have 
low  e lectr ical   conduct ivi ty   inasmuch as  the  appl icat ion  was  inside of a n  
induction coil. The  general  category of ceramics   ra ther   than metals was 
therefore  surveyed.  Since it was  known  that  the  material   would  experience 
rather   severe   thermal   s t ress   loadings  due to the   l a rge   rad ian t   load  of the  plasma 
on   the   one   s ide   and  cool gas on   the   o ther ,   the   res i s tance  to thermal   s t ress   and 
the  high  temperature  behavior  were of primary  concern. It was also des i rab le  
to find a material  which  could  be  readily  fabricated  into  various  shapes  and 
would  be  able to withstand  being  held  in a torch  assembly  with  var ious seals. 

While it is not  surprising  that   no  material   was  found  that   perfectly 
m e t  t h e  cri teria as  descr ibed  above,  a number of materials  were  found  which 
m e t  enough of the  cr i ter ia  to warrant  testing.  These  materials  included  three 
different  types:   alumina,  glass  bonded silica, and a material  known a s  
AlSiMag**  (this  material is two  parts  MgO,  two  parts A1203 and  f ive  parts 
SiO2).   Table I1 l is ts   the   propert ies   and  suppl iers  of the  specif ic   mater ia ls  
evaluated.  In addition  graphite  was  considered as  a candidate   in  spite of the  
electr ical   problems  because of its superior   qual i t ies   in  all o ther   aspec ts .   The  
alumina  and  si l ica  materials  were  available  only as right  circular  cylinders 
with  wall   thickness of approximately  7/16".  This is a s  thin a wall  as  the  
manufacturers   can  current ly   fabr icate   successful ly .   I t   was possible to purchase 
the  AlSiMag  material  with a wall   thickness  down to 1/4" and  graphite  components 
were  machined  with  wall  thicknesses as thin  as  1/8".   The  alumina  and  si l ica 
cyl inders   are   fabr icated as  filter  media  and  therefore  -the  permeability is 
controlled  by  the  manufacturer  in  the  production of these   p i eces .  In the  case 
of the  AlSiMag  these  parts  are  made  as  refractory  bodies  for  various  appli-  
cations  and  no  attempt is made to control  permeability.  This  material  had, 
however ,   been  successful ly   used  by  Gruber   Pfendor ,   and  Eckert   a t   the  
University of Minnesota  in  studying a transpiration  cooled  constricted  arc.  5 

*The anodes  in   these  devices   have  been  found to require  extremely  uniform 
porosity (as measured  with  micro  pitot  tube  surveys of effluent gas) with 
pore  s izes   in   the  range of 10-50  microns  and  thicknesses  governed  by  pressure 
drop  and  thermal  considerations.  By proper   design  the  dc  arc   can  be  s t ruck 
direct ly  to the  anode  surface  without  erosion  or  overheating. 

**Registered  trademark,  American  Lava  Corporation. 
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A l l  of the  AlSiMag material used  in  this  program  was  in  the  form of 
right  circular  cylinders  which  had  been  ground on the  0 .  d .  , however,  both 
ground  and  unground  i .d.   cylinders  were  evaluated.  Figure 10 shows a 
comparison of permeability  between  an  unground  and  ground  cylinder. A s  c a n  
be noted  in   this   f igure,   no  great   change  in   permeabi l i ty   can  be  observed  af ter  
grinding.  There  are  however  large  differences in  the  permeability  from  cylinder 
to cylinder.   Figure 1 1  shows a cylinder  in  which  rather  poor  uniformity is 
noted.  During  operation of a cyl inder   with  this   f low  dis t r ibut ion,   the   arc-  
plasma  tended to move  toward  the  area of low  permeability.  Figure 1 2  shows 
what is considered a satisfactory  permeability  map.  In  cylinders of th i s   type  
a s table   plasma  centered  in   the  chamber   can  be  maintained.  It therefore 
became necessa ry  to map  the  permeability  and select the  individual   cyl inders  
used  for  this  program. In addition to this   select ion  based  on  permeabi l i ty ,  
there   were  def ini te   changes  in   the  operat ing  character is t ics  of ground  and 
unground  cylinders  and  in  torches  which  contained  crucibles or baffles.  A 
comple te   d i scuss ion  of these   observa t ions  is given  in   the  experimental  
procedure  portion of this   report .  

AUXILIARY  EXPERIMENTAL EQUIPMENT 

In  addition to the  var ious  torch  configurat ions  def ined  in   separate  
s ec t ions  of this   report ,  a power  supply  which  operated a t  4 MHz at  plate 
powers  up to 89 kW was  ava i lab le .  A photograph of this  equipment is shown 
in   F igure   13 .   Gas   f lows   were   cont ro l led   by   s tandard   f low  meters .   Heat  
balance  measurements  were  conducted by  measuring  water  f low  rates  and 
temperature   changes  across   a l l  of the   poss ib le   hea t  loss components  in  the 
system.  The  power  available  out of the  torch  was  calculated to be t h e  
difference  between  measured  e lectr ical   input   and  these  measured losses. 
This   technique  has   been  repeatedly  ver i f ied  by  the  inser t ion of a calorimeter 
in   p lace  of the  torch  and  conduct ing  complete   heat   balances.   Specif ic   detai ls  
of this  procedure  have  been  previously  described  and  are  included  in  Reference 
1 .  



EXPERIMENTAL  PROCEDURES 

Solid-Feed 

Init ial   experiments to evaluate   techniques  for   inser t ing  sol id-feed 
material   into  the  plasma  were  conducted  in a clear ,   sol id-wal l   torch.   This  
permitted  observation of the  feed  mechanism  and  the  plasma  bal l .   Experiments  
were  conducted  using  zinc , aluminum,  and a 50/50  tin/lead  solder.  The 
metal was  introduced  into  the  plasma as  a 1/8" diameter  wire  inside of a 1/4" 
diameter  graphite  rod. In these   in i t ia l  tests no  effort  was  made to cont inuously 
feed  the  material   into  the  plasma.  The  end of the  rod  was  posit ioned  just   into 
the  plasma  ball  so vaporization  would  occur  directly  into  the  plasma.  These 
tests revea led ,  a s  the  material   characterist ics  would  indicate , tha t   z inc  
vaporized  and  Subsequently  ionized mDre easi ly   than  the  other   mater ia ls   tes ted;  
however,   sufficient  material   could  not  be  vaporized to sus t a in  t h e  plasma. 
Figure 1 4  is a photograph of the  c lear   wal l   torch  operat ing  with  this   z inc metal 
wire  feed. 

In  addition to the  vaporizat ion  and  ionizat ion of metals, it seemed 
appropriate to consider  a number of s a l t s  as  materials t h a t  would  easi ly  
vaporize  and  subsequently  ionize to form  the  plasma.   The  best   candidates   for  
this  would  be  materials  that   have  low  melting  points,   ionization  potentials , 
and  high  conduct ivi ty   as  a plasma.  Sodium  chloride was chosen   and  
subsequent ly   used  in   actual ly   operat ing a plasma  torch.  Since  the  results 
obtained  with  zinc  and  the  init ial  tests with  sodium  chloride  indicated  that  not 
enough  material   was  being  vaporized to sus t a in  a p lasma,  a large  diameter 
crucible   was  ut i l ized so tha t  more  material  would  be  available to the  plasma.  
Figure 15 shows a photograph of the  test s e t u p  of the  c lear   wal l   torch  with  the 
crucible   inser ted  inside  and a second  photo of this   torch  in   operat ion  with 
sodium  chloride  being  vaporized  from  the  crucible.  It  was  possible  with  the 
configuration  shown to sus t a in  a plasma  made  essentially  from  the  sodium 
chloride.  The  torch  configuration  utilized to demonstrate   this   consis ted of a 
1 1 /4"  o .d .   graphi te   crucible   in   which  the  sodium  chlor ide was placed.  This 
crucible  was  posit ioned  inside of a 1 1 / 2 "  i .d .   quar tz   tube  with  the  top of 
the  crucible  a t  the  same axial   posi t ion as the   f i r s t   tu rn  of the  induction coil 
wrapped  around  the  quartz  tube. A standard  gas  mixer  was  uti l ized  in  the  base 
of the  torch.  The  operational  procedure  consisted of igni t ing  the  torch  while  
flowing  argon  through  the gas mixer;  subsequent to the  a t ta inment  of s t eady  
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operating  conditions , nitrogen  was  introduced  through  the  mixer as the  argon 
was  slowly  turned  off.  It was  observed  during  the  switch  over  from  argon  to 
nitrogen  that   the  argon  plasma  which  was  init ially  in  the  torch  became  much 
smaller   and  was  centered  about   two  inches  above  the  crucible .   Concurrent ly  , 
a bright  yellow  glow  could  be  seen  forming  on  top of the  crucible   over   the 
molten  sodium  chloride , which  was the  beginning of a  sodium  plasma. A s  
more  nitrogen  was  introduced  and less argon  was  avai lable  , t h e  sodium  plasma 
increased  in   s ize   unt i l  a crucial   point  was  reached  where  the  argon plasma 
went  out  and a bright  yellow-orange  sodium  chloride  plasma  replaced it. 
Extremely  stable  operation  in  this  mode  was  obtained at a plate  power  level of 
6 kW  with 100% nitrogen  flowing  around the  sodium  chloride  piazma  at  flows 
u p   t o   t h e  maximum  permitted  by th i s  particular  torch  configur?..iTm  (approximately 
500 SCFH) . In addition  to  running  the  torch in  t h i s  mode wii.7 100% nitrogen, 
successful operation  was  also  obtained  with 30% hydrogen  in Lhe ni t rogen  a t  
28 kW. 

Several  independent  experiments  and  observations  were  made  to  confirm 
the   f ac t   t ha t  a sodium  chloride  plasma  was  formed.  One of t h e  f i rs t   obser-  
vations was   tha t  t he  typical  yellow-orange  color of sodium  w&s  obtained  in  the 
plasma  when t h e  switch  was  made  from  argon  to  nitrogen  and  subsequently 
with  the  addition of hydrogen.  In  addition , by  observing the electr ical   meters  
on  the  induction  power  supply , it was  apparent   that   there  wks a  drop  in t h e  
total   power  requirements  as t h e  sodium  chloride  became  vaporized  and  contri- 
buted to the  plasma. A specific  experiment  was  performed  to  further  confirm 
the  f ac t   t ha t  a  sodium  chloride  plasma  was  formed.  In t h i s  experiment  an 
empty  crucible  was  placed  in  the  torch  and  standard  operating  procedures 
conducted.  Init ially  when 100% argon  was  introduced  to the  torch  a  plasma 
was   ob ta ined   a s  i n  previous  runs , however,  as  nitrogen  was  being  added t h e  
torch  extinguished  when  only 6% nitrogen  was  present  in t h e  argon. In th i s  
experiment  the  yellow-orange  color  at tr ibuted  to t h e  sodium -.vas not  observed 
and  the  argon  plasma  simply  was  reduced in  s i z e  as nitrogen ' . , '1s added  until 
extinguishment  occurred.  In  all of these experiments  the  torcl ,   configuration, 
total gas  f lows,  and  power were held  constant  so tha t   the  effect of the  
individual  variables  could  be  observed. 

A l l  subsequent  experiments  with  solid-feed  were  conducted  uti l izing 
some sor t  of a permeable  wall  in  conjunction  with  the  solid-feed  and  are 
d iscussed   in  a sepz ,a te   sec t ion  of this  report   enti t led , "Experimental 
Procedures -- Combined  Solid-Feed , Permeable  Wall. I '  
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Permeable  Wall  

The  goal of these   exper iments   was  to operate a torch  which  contained 
a curved,  permeable  wall   through  which  gas  could be in jec ted .   In i t ia l  
experiments ,   however ,   were  conducted  with a s imple  cyl inder  of the  permeable 
material   inserted  in a torch to gain  operating  experience  and to provide a 
simple  method  for  materials  evaluation. A standard TAFA Model 66 torch  was 
modified  to  allow  the  insertion of a permeable  wall   inside of the  torch  body to 
conduct  these  experiments.   Figure 6 is a schematic  of this  torch  configuration. 
The  permeable  material   available  for  these  init ial  tests were  alumina  and 
glass   bonded  s i l ica .   These  cyl inders   were  1 .75"  i .d .   by 2 . 5 "  0.d.   and  were 
placed  inside of the  quartz   tube of the  TAFA Model 66 torch  which  has  a 3" i .d .  
The  induction coil around  this  quartz  tube  has a diameter of 3.5" This  torch 
geometry  gives a load  to   coi l   d iameter   ra t io  of 0.35  (assuming a 1.25"  diameter 
a rc ,   which  is es t imated  from observations  made  during  operation).  This  low 
load to coil diameter   ra t io   resul ts   in   ra ther   poor   coupl ing  eff ic iency  (50%) as 
compared  to  higher  load  to coil ratios  normally  used.  The effect of th i s   ra t io  
can  be  seen  in   Figure 1 2  of Reference 1. Nonetheless .   successful   operat ion 
of this   torch  was  achieved.  A standard TIlFA gas  mixer   was  used  in   the  base 
of the  torch to provide a gas  f low  into  the  plasma  bal l   and  addi t ional   gas   f low 
was  provided  through  the  permeable  wall.  The  maximum  ratio of w a l l   t o   g a s  
mixer  flow  was  approximately  four  to  one.  It.was  observed  that  the  permeable 
wal l   gas   f low  had a pronounced effect on  the  diameter of the  plasma. A s  the 
wal l   f low  was  increased,   the   plasma  diameter   decreased  and  f inal ly  
extinguishment  could  be  obtained by squeezing  the  arc  to a point  where  the 
coupling  efficiency  was  too low to  sustain  operat ion.   Plate   power levels of 
from 8 to 36 kW were   successfu l ly   used .   I t   was   observed   tha t   the   opera t ion  
of these   to rches   was   ex t remely   s tab le   over   the   en t i re   range   tes ted .   This  
indicated  that   the   basic   design  and  operat ional   procedure of the  permeable 
wal l   torch  was  sound.  

These  ini t ia l  tests, as noted  earlier,  were  performed  using  rather  thick 
walled  alumina  and silica tubes   and   were ,   therefore ,   h ighly   subjec t  to thermal 
s t ress   c racking .  In general  , the  alumina  tubes  tended to crack  circumferentially 
at the axial position of the  f irst   turn of the  induction  coil.  This is the  point 
where  the  plasma is the  hot tes t  (see Figure  35  in  Reference  3)  and  therefore 
the   g rea tes t   s t ress  is placed  upon  the  wall .  In an   a t tempt   to   a l lev ia te   th i s  
problem,  water-cooled  segmented metal wal l s  (see Figures 4 and 2 1  of 
iieference 3) were  inserted  inside of the  permeable  wall   which  extended  axially 
up  from  the  base of the  torch  above  the  first  turn of the  induction coil. 
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Unfortunately,   this  did  not ease the  problem  but  simply  moved  the  position 
of the  crack  f rom  under   the  f i rs t  coil up  to the  posi t ion at the  end of the  metal wal l  
which  was  the  point  of highest   thermal  stress  in  this  configuration.  Since  no 
noticeable  improvement  in  performance  was  gained  with  this metal wal l ,  all 
subsequent  experimentation  performed  with  the  permeable  wall   was  conducted 
without ar.y metal separator  inside.   In spite of the  persistent  cracking  problem 
it was   poss ib le  to successful ly   complete   several   experiments   without   fa i lure .  
However, it was   ev ident   tha t  some other  material   had to be  found. 

Testing of the  glass bonded silica cylinders  revealed a slightly  different 
kind of a problem.  While  these  cylinders  did  not seem to crack  from  thermal 
s t r e s s   i n   t he  same way   a s   t he   a lumina   cy l inde r s ,   t hey   d id   t end  to spa11 
immediately  upon  ignition of the  torch.  During  the  init ial  stages of the  run 
small ch ips  of mater ia l ,   which  spal led off the   i . d .  , were  ejected  from  the 
exit of the  torch.  This  phenomenon  persisted  until  thermal  equilibrium  in  the 
torch  was  reached.  The loss of material   was  severe,   amounting to approxi- 
mately 1/8" of the  wall   thickness  for  each  run.  Apparently  the  cause of th i s  
diff icul ty   was  that   the  glass bonding  mater ia l   used  in   these  cyl inders   was  not  
capable  of withstanding  the  temperature  and/or  the  thermal  gradients  imposed 
upon  the  material .   Discussions  with  the  vendor  failed to produce  any  improve- 
ment  in  the  bonding  material  for  these  cylinders. 

Because it was  bel ieved  that  silica would  make  an  ideal  material   for 
t h i s   app l i ca t ion ,   an   ex tens ive   su rvey   was   made  of various  suppl iers  of silica 
mater ia ls .   Small   d iscs  of permeable silica material   are  manufactured  for  use 
as   f i l t e r   media   and  it was  hoped  that  someone  would  be  able to fabr ica te   th i s  
material   in a shape  compatible  with  the  needs of this  program.  Several  vendors 
indicated  interest   in  the  problem  and  conducted  in-house  reviews to determine 
whether  or  not  they  could m e e t  the  requirements.  They  have all concluded  that  
the  fabr icat ion of such  i t e m s  is extremely  difficult  if not  impossible  with 
present ly   known  processing  techniques.  

An AlSiMag  material  (known  in  the  ceramic  industry as  Cordier i te)   was 
also evaluated.  This  material  is made  up of two  parts  MgO,  two  parts A 1 2 0 3 ,  
and   f ive   par t s   S i02 .  It has  a very  low  thermal  expansion  coefficient  and a 
h igh   res i s tance  to thermal  shock.  Since it is produced as a refractory  material 
for  a number of uses   in   the  ceramic  industry,   there  is no  attempt  on  the  part  
of the  manufacturer to control  the  permeabili ty,  as noted  in a previous  section 
of this  report   under  material   selection. It was  found  that   the  permeabili ty of 
this  material  did  vary  somewhat  from piece to piece  and  even  within a piece. 
I t   became  necessary,   therefore ,  to make  permeabili ty  maps  on  each  piece to 



evaluate  the  uniformity of the   p iece  to determine if it were  acceptable  for 
tes t ing  purposes .  If cylinders  were  used  that   had  areas of low  permeability 
compared to the  remainder of the  cyl inder ,  it was  observed  that   the   plasma 
bal l   would  be  displaced off center   inside of the  torch  toward  that  area of low 
permeabili ty.   This  caused  considerable coil to plasma  arcing  through  the  wall  
and  subsequent  failure of the  wal l  at the  point of arcing.  

A second  observation  made  concerning  the  AlSiMag  material  was  that 
the  surface  glaze  had  to  be  ground off for   successful   operat ion.  A l l  of the 
pieces  received  from  the  vendor  were  ground  on  the  o.d.  , however,  not all 
of them  were  ground  on  the  i.d.  While  grinding of the  i .d.   did  not seem to 
make  significant  changes  in  the  permeabili ty  maps,  as noted  in  Figure 1 0 ,  
there   was a s ignif icant   dif ference  in   the  operat ing  character is t ics  of the 
torch.  When  unground i .d .   surface  cyl inders   were  ut i l ized,   very  unstab le 
operation of the  plasma  torch  was  observed.  The  plasma  ball  would  shift 
errat ical ly   inside of the  cylinder  and  arcing  would  occur  from  the  plasma to 
the  walls of the  torch;  however,   on  cylinders  that   were  ground,  this  phenomenon 
did  not  seem  to  be  present.  It  was  noted  that  in  the  glaze  which  was  ground 
off there  were a number of dark  spots  presumed to be  contaminants left over 
from the  extrusion  process   used to fabr ica te   these   cy l inders .  It seems reason-  
able  to  assume  that   this  surface  contamination  raised  the  electrical   conductivity 
of the  surface of the  cylinder  and/or  produced  conductive  gases  which  caused 
the  erratic  behavior of the  plasma.  

S ince   those   charac te r i s t ics  of the  AlSiMag  material  which  created 
difficult ies  in  successfully  running a plasma  torch  could  be  defined, i t  was  
possible  by the  selection of only  ground  cylinders,   which  had  relatively 
uniform  permeability maps ,  to conduct  reproducible  and  meaningful  experiments. 

One of the most important  questions  concerning  the  use of permeable 
walls  was  whether  they  improved  the  recirculation  or  mixing  occurring  within 
the  plasma  torch.  Techniques  previously  developed  for  measuring  concentration 
profiles  in a binary  induction  plasma  system  were  applied to measure  the  mixing 
within a permeable  wall  torch.  These  experiments  were  performed  utilizing 
the  alumina  cylinders.  The  torch  geometry  used  in  these  experiments  was  kept 
as close as possible  to the  geometry of the  system  previously  used  for  
concentration  profiles  with  the  exception of the  addition of the  permeable  wall .  
A comparison of the two torches  used is shown  schematically  in  Figure 1 6 .  The 
referenced  earlier  work  revealed  that   rather  gross  recirculation  occurred  during 
cold  flow;  however,  when a plasma  was  present  virtually  no  recirculation  was 
observed.  The  concentration  profiles  obtained  in  this  work  uti l izing a permeable 
wal l   indicate   that   l i t t le   recirculat ion is present  during  cold  flow  and  again 
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virtually  none is observed  when a plasma is present.  Figure 17 shows  the 
comparison of co ld   f lows   in  a coaxial f low  torch  and  in  a torch  containing a 
permeable  wall.  Figure 18 shows a comparison of the  mixing of these   two  
torches  when a plasma is present.  It can  be  noted  that   the  40 and  50%  mixing 
l ines   in   the   co ld   f low  reg ion  of the  permeable  wall   torch  do  show a d ip   near  
t he  axis indicating some recirculation , however , this  mixing is not  nearly as 
pronounced as in   the  sol id-wal l   torch.  

Curved  Permeable  Wall 

Three  basic   designs  have  been  ut i l ized  in   the  construct ion  and 
operation of curved,   permeable   wal l   torches.   One  consis ts  of a segmented , 
graphite  wall   torch  with  solid  curved  inserts at each   end  to produce  the  curved 
configurat ion:   the  other   two  designs  involve  the  ut i l izat ion of a cylinder of 
AlSiMag  which  has  two  transpiration  cooled  graphite  inserts at  each   end  to 
produce  the  curved  configuration.  The  only  difference  in  the  two  AlSiMag 
graphite  torches is the  length of the  paral le l   wal l   sect ion of the  AlSiMag 
material.  Figure 19 is a photograph of the  components of the  curved  graphite 
torch,  Figure 9 shows  the  AlSiMag-graphite , curved , permeable  torch. 

The  permeable , graphite  wall   torch was segmented  into  s ixteen  sect ions 
with gas passages   the   l ength  of each  sect ion  through  which  gas   could  be 
introduced  into  the  torch  chamber.  Inside  and a t  each   end  of this  permeable 
cyl inder ,   graphi te   inser ts   were  placed to provide  the  curved  wall  configuration. 
Argon was  introduced  through a gas mixer at the   base  of the  torch  and was 
also introduced  through  the  walls as  the  coolant.   In  the  experiments  conducted 
with  this  torch  approximately 45% of the  total gas  f low  was  introduced  through 
the  permeable   wal l   wi th   completely  successful   operat ion.  Table I11 i temizes  
the  operat ing  condi t ions  and  heat   balance  obtained  for   two  typical   runs  made 
with  this  torch.  Figure 20 is a photograph of this   torch  in   operat ion.  

The  AlSiMag-graphite , curved , permeable  wall   torch  was  constructed 
in   such  a way as to permit  individual  gas  control to each   curved   end  section 
and to the   cy l indr ica l   sec t ion  at the  middle of the  torch.  During  the  operation 
of this   torch  the  gas   f lows  were  var ied  in   these  three  sect ions  unt i l   opt imum 
operating  characterist ics  were  obtained.  These  optimum  operating  conditions 
a re   t abula ted   in  Table IV. It can  be  noted  in  the  drawing of this   torch  shown 
in  Figure 9 that  provision  was  made  for  the  introduction of g a s  to a gas mixer 
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at the base of the  torch,  however,  it was   found  tha t   th i s   was   no t   necessary  
and   successfu l   opera t ion   was   ach ieved   wi th  all of the  gas   f low  in   the  torch 
coming  through  the  permeable  sections. 

Combined  Solid-Feed,  Permeable  Wall  

Subsequent  to  performing  experiments  with  the  solid-feed  and  with  the 
permeable   wal l   these two principles  were  combined  into a single   torch.  In 
addi t ion  the  design  feature  of a curved  wal l   was  added.   Once  again  the  ini t ia l  
experiments  performed  combining  these  principles  was  performed  with a sol id-  
feed  made of a 1/8" diameter  wire  inserted  inside of a 1/4" diameter  graphite 
rod.  This rod was  posi t ioned  inside  the  torch  in   such a way  that   the   end of 
the  rod w a s   j u s t   i n s i d e  of the  plasma  bal l .  N o  gas mixer   was  used  in   these 
experiments  and  the  torch w a s  ignited  by  simply  passing  argon  through  the 
permeable  wall .   Zinc  was  used as the  solid-feed  material   in  these  experiments 
and  i t   was  apparent   f rom  the  color  of the exit plume  that   zinc  was  being 
vaporized  and  was  contributing to the plasma. However as  in   the  ear l ier  
experiments  sufficient  zinc  could  not be vaporized to ful ly   sustain  the  plasma.  
If for example  nitrogen  were  introduced  in  addition  to  the  argon  coming  through 
the  wall ,   torch  extinguishment  would  occur.  

Because of the  highly  successful   operat ion  previously  obtained  using 
sodium  chloride as a solid-feed  material ,  a permeable   wal l   was  constructed 
uti l izing  an  AlSiMag  wall   and a crucible  containing  sodium  chloride.   I t   was 
known  that  sodium  chloride  would  attack  the  AlSiMag  material  and  cause 
fai lure ,   however ,   because  large  quant i t ies  of gas would  be  being  passed 
through  the  AlSiMag it was   dec ided  to attempt  this  experiment.   Figure 2 1  is 
a photograph of this   torch  in   operat ion.   I t   was  possible   with  this   configurat ion 
to obtain several minutes of steady-state  operation  before  the  attack of the 
sodium  chloridc  on  the  AlSiMag  material   caused  wall   failure.   This  experi-  
ment   c lear ly   demonstrated  that  a plasma  could  be  sustained  being  feed  vir tual ly  
ent i re ly  from a solid  material   with  the  entire  gas  f low  being  introduced  through 
a permeable  wall .  

Subsequent  to instal l ing  adequate   vent i la t ion  and  safety  equipment   in  
the  laboratory  the  experiment  previously  defined  utilizing  sodium  chloride  in 
an  AlSiMag  permeable  wall  torch  was  reproduced  using  sodium  metal.  Because 
chlorine  tends  to  inhibit   the  formation of a plasma,   i t   was  bel ieved  that  a 
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smaller  diameter  crucible of sodium  could  be  uti l ized  in  these  experiments.  A 
s e r i e s  of runs  were  conducted  in  an  attempt to opt imize  the  diameter  of sodium 
being  presented to the  plasma.   Figure 2 2  shows  the  two  designs  for  the  sodium 
inject ion  prJbes   that   were  used.   I t   was  found  that   when 1/16" diameter  sodium 
feed   was   used  it was  impossible  to sustain  operations  without  the  presence of 
argon  in  the  torch.  However,   when  the 5/32 " diameter  sodium  feed  system  was 
used  it was   poss ib le  to sustain  operation  with  powers as  low a s  8 to 10 k W  with 
only  nitrogen  being  introduced  through  the  permeable  wall .  It is of interest  
to note  that   when  the 1" diameter  crucible  was  used  that   once  again a sodium 
plasma  with  nitrogen  flow  through  the  wall  could  not  be  sustained.  These 
resu l t s   ind ica te   the   ease  of ionizing  sodium  and  the  existence of a sodium 
plasma  but  demonstrate  that  too much  sodium is as de t r imenta l   as  too l i t t l e  
sodium. It is bel ieved  that   the   reason  for  too much  sodium  being  detrimental 
is that   the   large  quant i ty  of sodium  vapor  tends to reduce  the  temperature of the  
plasma to the  point  where  the  conductivity  isnot  sufficient to sus ta in   opera t ion ,  

The  operating  procedure  followed  in  conducting  these  sodium  plasma 
experiments  was to ignite  the  torch  with a s tandard  dc  arc   s tar ter   while   f lowing 
argon  through  the  wall .   Subsequent to obtaining  an  argon  plasma,  nitrogen 
was  added  through  the  wall  as  the  argon  f low  was  reduced  and  f inally  turned 
off. This  procedure  confirmed  the  presence of a sodium  plasma  since a 
nitrogen  plasma  could  not  be  sustained  at   these  power  levels  without  the 
presence of sodium.  Additionally,  during  several  experiments  the  argon  flow 
through  the  wall   was  completely  turned off before  any  nitrogen  flow  was  begun. 
Even  in  this  condition,  with  only  sodium  being  vaporized  from  the  injection 
probe  and  no gas flowing  through  the  wall , the  plasma  continued to be 
sustained.  The  power  requirements  were  identical   during  this  mode of 
operation a s  well a s  when  nitrogen  f low  was  being  sustained  through  the 
permeable  wall .  

Several   runs  were  made  in  an  attempt to get  quantitative  information 
a s  to the  nitrogen  sodium mass f low  ra t ios .   These  experiments   were  conducted 
with  the 5/32 " diameter  sodium  injection  probe. A sodium  consumption  rate 
of approximately 0 . 1  grams/min.  was  experienced  while  flowing  500 SCFH of 
nitrogen  through  the  wall .   This  yields a mass  f low  ra t io  of 2720 to 1 of 
nitrogen  gas to sodium.  It  must  be  recognized  that  since  the  sodium  flow  rate 
was  so low  and  the  experiment  was  performed  over  short  periods of t i m e  of one to 
two  minutes  that  small errors  in  the  computation of sodium  flow wculd great ly  
affect   th is   ra t io .  It is believed , however,   that   the  measurement of sodium 
consumption  was at  least within a fac tor  of two  in  either  direction , therefore , 
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it is sa fe   t o   a s sume   t ha t  t h e  mass  f low  rate  obtained  was  no  lower  than 1,500 
to 1 and  probably  no  higher  than 5 , 000 to  1. This  range is extremely  encour- 
aging  in   re la t ion  to   the  goals  of GCNR. 

During  the  course of conduct ing  these  var ied  experiments  , it w a s  
observed  that  if a crucible  were  placed  in a permeable  wall  torch it was  possible  
to  produce  a  rather  stable  plasma  inside of permeable  walls  which  had  rather 
varied  permeability  maps. This phenomenon  was  observed  whether t h e  crucible  
contained  some  material   contributing  to t h e  plasma  or  not.  It  can  be  concluded 
therefore  that   the  presence of a baffle  plate,   which is essent ia l ly   what  t he  
crucible   was  in  these experiments , produces  some  smoothing of the   ve loc i ty  
profile  around  the  baffle  thereby  centering  the  arc.  This effect was  so pro- 
nounced  that  permeable  walls  which  had  rather  poor  permeability  maps  and 
would  not  achieve  stable  operation  without  a  crucible  could  be  run  quite  easily 
if a crucible  were  installed.  The tendency   for  the  plasma  ball  to  move  toward 
the  a rea  of low  permeability  could still be  observed:  but , t he  erratic  behavior 
and  arcing  was  virtually  eliminated  by  the  presence of the  crucible   or   baff le  
plate .  

CONCLUSIONS 

The  goal of t h i s  program to support  a  plasma  from a sol id-feed  inside 
of a  permeable  wall  torch  has  been  demonstrated.  Specific  conclusions  which 
support o r  supplement   this   are  as fol lows.  

1. A permeable  wall  can  be  cooled  from  gas  being 
passed  through it while  an  induction  coupled 
plasma is operating  inside of the   wal l .  

2 .  An arc-plasma  comprised of a  vaporized  solid 
can   be   successfu l ly   sus ta ined .  

3 .  By combining the  two  operations  noted  above , 
i t  is poss ib le   to   ach ieve  a mass flow  through the  
wall  some 1 , 500 to  5 ,000  t imes  that  of the  vapor- 
izing  solid  feeding  the  plasma. 

4.  Mixing  profiles of t he   gases   i n  a  permeable  wall 
torch  indicate  no  recirculation. These  mixing 
patterns  coupled  with  the  high  mass  ratios  noted 
i n  No. 3 above  indicate   that   the   current   design 
for  fuel  containment  in a coaxial   f low  gas   core  
nuclear  rocket is rea l i s t ic .  
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Material  

Aluminum 

Lead 

Nickel 

Tin 

Zinc 

Iron 

Sodium  Chloride 

Sodium  Hydroxide 

Potassium  Hydroxide 

Sodium 

Pota s s ium 

TABLE I 

SOLID-FEED MATERIAL CANDIDATES 

. " 

Moleculal 
Weight 

26.97 

207.21 

58.71 

118.75 

65.39 

55.85 

58.44 

40 . G O  

56.11 

22.99 

39.102 

-~ 

Melting 
Point OC 
I "i ." " 

659 

327 

1455 

23 2 

419 

1539 

80 1 

3 20 

40 0 

97.5 

62.3 
___ 

- 

Bo il ing 
Point OC 

~ 

2500 

1740 

2910 

2 750 

907 

3070 

1465 

1390 

1330 

8 83 

760 
-~ ____ 

- "- 
Latent  Heat 
of Vaporization 
I<gCAL/g-Atom 
- _ _ _ ~ -  

69.6 

42.5 

89.4 

64.7 

27.3 

81.3 

40.7 

34.5 

30.9 

24 .1  

18.9 
. . 

Ioniz.ation. 
Potential  

Volts 

5.96 

7 .38  

7.61 

7.30 

9.36 

7.83 

5.12 

4.32 

18 



TABLE I1 

PERMEABLE  MATERIALS  CANDIDATES 

Alumina 

Glass Bonded Silica 

AlSiMag 447" 

'Graphite 

Permeability 
SC M-AIR/Ft2/1 1/2 "/2 " (H20) 

3 
3 

3 

Variable** 

Variable 

Thermal 
Expansion OC 
(25-300OC) 

10.2 x 10-6 
10.2 x 10-6 

~ 1 . 7 ~  
I 

~ , 1 2  x l o +  

Supplier 

Ferro Corp. 
Norton Go. 

Ferro  Corp. 

American  Lava 
Corp. 

National  Carbon 

*Cordierite (2 parts Alumina, 5 Silica,  and 2 Magnesia; AlSiMag is the  registered 
trademark of American  Lava Gorp.) 

**Varies within a piece. See  Figures  10, 11 and 12 .  



TABLE I11 

Plate  Power (kW) 

OPERATING CONDITIONS, CURVED, GRAPHITE, 
PERMEABLE WALL TORCH* 

Power  Distribution (%) 
Power  Supply 

Coil  

Load** 

Run A Run B 
33.3 32.6 

" 

26.1 26.9 

2.7 1.9 

71.2 71.2 

Flow  Through Gas   Mixer  (Argon-SCFH) 337   456  

Flow  Through  Wall (Argon-SCFH) 2 8 4   3 5 0  

*3 " Diameter  wall   in 1 6  evenly  spaced  segments  

**This includes  power  in  the  plasma  plus  any  that  may have  been  absorbed in 
the  graphite wall. An independent  study of the  segmented  wall   indicated  that  
over 50% of this   power  was  in   the  plasma.  

20 



TABLE IV 

OPTIMUM OPERATING CONDITIONS 
CURVED  PERMEABLE  WALL* 

Argon Flows (SCFH) 

Rear Curved  Section 

Side  Wall 
Exit End Curved  Section 

Mixer 

Power (kW) 

170 
1200 

85 

0 

30 

"Configuration  was  AlSiMag  cylinder  with  permeable,  curved 
graphite  inserts at each  end.  
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SCHEMATIC OF GAS CORE NUCLEAR ROCKET 

FIG. 1 



STANDARD  TAFA MODEL 56 TORCH 

I 

"&- L _I 
I 

WALL 

C O I L  

R 

FIG. 2 

23 



C O A X I A L  FLOW T O R C H  

I 
I 

L 5 

""-1 

L-,  J 

FIG. 3 
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PERMEABLE  WALL TORCH 

WITH GAS INJECTION  PROBE 

I 

" 

. _  

PERMEABLE 
WALL 

I PERMEABLE 

FLOW INLET 

I 

FIG. 4 
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QUARTZ  WALL  TORCH 

W I T H  

CRUCIBLE F O R  S A L T  FEED 
I 

CLEAR  QUARTZ 

G L L  

-01 L 

INDUCTION 

) 

GRAPHITE 
~ R U C I B L E  
) 

FIG. 5 



PERMEABLE  WALL  TORCH 

I 
t 
! 
I 

t 

I 
GAS 

R 

T" 
1 

I 

FIG. 6 
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GRAPHITE SEGMENTED WALL TORCH 

I 

L I N E R   S L E E V E  

L I N E R  A ~ A  

SEPARATOR 

c 
A 

I 

" 

I 
" 

I 
I 

/ SLOTS 

L" 7 -  
L - -1 

a 
A 

--I 
! 
I 

" _I 
FIG. 7 
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c 

SEGMENTED WALL TORCH 

I 

F I G .  8 
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CURVED PERMEABLE WALL TORCH 

I 

I 

A FIG. 9 
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P E R M E   A B I L I T Y   M A P S  

COMPARISION O F  G R O U N D / L J N G R O U N D  CYLINDERS 

UNGROUND 
C Y L I N D E R  

GROUND 
C Y L I N D E R  

ROTATIONAL  POSITfON  (DEGREES) 0.61 - 0.75 

MAT'L: ALSIMAG 4 4 7  0.76- 0.90 
SAMPLE,.  8"LONGX 341.D.X 3t6.D. CYL.  

IDENT..' G-2 

I f  

0.91 - 1.05 

PERMEATING G A S :  ARGON 1.06 - 1.20 

PRESSURE  DIFFERENTIAL: 70  PS.1. 

TEMPERATURE:  70'F 
FIG. IO 

1.21 - 1.35 
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P E R M E A B I L I T Y   M A P  
N ( ' N - U N I F C R M   C Y L I N D E R  

0 36 72 108 144 180 216 252 288 324 

ROTATIONAL  POSITION  (DEGREES) Vt.:LOCITY dEC, FT 

0.61 - 0.75 

MAT'L: A L S I M A G  447 

S A M P L E  8 ' iONG x 3-;c 1.D.x 3zO.D. C Y L .  
I 3 " 

0 .76 -  0 .90  

0.91- I .05 

I DENT.: G - l  1.06- 1.20 

PERMEATING  GAS:  A R G O N  

PRESSURE DIFFERENTIAL' .  70 PSI .  1.21 - 1.35 
TEMPERATURE: 70- F 

FIG. I I 
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P E R M E A B I L I T Y  M A P  

U N I F O R M   C Y L I N D E R  

z 
0 

V E L O C I T Y  <EC. 
FT. 

MAT’L :   ALSIMAG 447 
I /I 

SAMPLE:  8’ ’LONGX3Zl.0.X 3%0.D. C Y L .  

IDENT.: M-2 

PEGMEATING  GAS  ARGON 

PRESSURE  D IFFERt   NT IAL :  70 P.S.I. 

TEMPERATYRE 1 70°F 

11 

FIG. 12 

0.76 - 0.90 

0.91 - 1.05 

1.06- 1.20 
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89 K W  POWER SUPPLY % . 

FIG. 13 
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Z I N C  M E T A L  S O L I D -  F E E D  

CLEAR  QUARTZ  WALL  TORCH  OPERATING  WITH  Z INC 

M E T A L   S O L I D - F E E D ,   Z I N C  IS/* DIA. WIRE  IN  THE 
I 

CENTER OF% DIA.  GRAPHITE  ROD 

FIG. 14 
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SODIUM C H L O R I D E  S O L I D - F E E D  

EQUIPMENT  SET-UP 

FOR SOLID  VAPORIZ- 

ATION  FROM A 

CRUCIBLE 

OPERATION  WITH 

SCDIUM  CHLORIDE 

IN  CRUCIBLE 

FIG. 15 
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COMPARISON OF P E R M E A B L E   W A L L  AFJD C O - A X I A L  

F L O W   T O R C H E S   U S E D   F O R   G A S   C O N C E N T R A T I O N  

P R O F I L E   M E A S U R M E N T S  

i 
I 
I 
I 

r I! 

..... 

. . . . . . . . . . .  

M I X E R   C O I L  

P E R M E A B L E   W A L L   T O R C H  

r . ". - 
I 
I 

I 
r -d 

C O R t   G A S   M E T A L  

INDUCTION 

t 
2.750 

C O A X I A L   F L O W   T O R C H  

FIG. 16 
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COLD FLOW MIX ING  MAPS 

COAXIAL  FLOW  COMPARED TO PERMEABLE  WALL 

MIXING  MAP  WITH  COAXIAL  FLOW 

AlR/ARGO N  MASS RATIO = 19.7 

r I 
1035 SCFH A I R  

C O L D  F L O W  

ARGON/ 

0-7g,/,( [ 0.94 MOLE F R A C T I O N  
I A I R  

"""L ""1 """ y2s /.80 
5 7  SCFH 
ARGON 

0.90 M O L E  
A I R  

I 
COLD F L O W  

F R A C T I O N  

1 I I 1 I 

0 .5 I 1.5 2 2.5 3 3.5 
, -1- ' INCHES  DOWNSTREAM 

MIX ING  MAP  WITH  PERMEABLE WALL 

AlR/ARGON MASS  RATIO =17.7 

FIG. 17 
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M I X I N G   M A P  WITH P L A S M A  

COAXIAL  FLOW  COMPARED TO P E R M E A B L E   W A L L  

MIXING  MAP  WITH  COAXIAL FLOW 

AlR/ARGON M A S S  R A T I O z 1 9 . 7  

I 
1035  SCFH  AIR 

I 

MOLE  FRACTION 
Af R 

W I T H   P L A S M A  

- 
5 7  SCFH MOLE  FRACTION 

AI R 

W I T H   P L A S M A  
‘135 S C F H A I R  

r* rb rb r* 
I I I I 1 I 1 

I 

L 3 825”,  FLOW 6 6 5  S C F H A  - I I I I I 1 INCHES  DOWNSTREAM 
0 .5 I 1.5 2 2.5 3 3.5 

MIXING  MAP WITH PERMEABLE  WALL 
A I W R G O N  MASS RATIO=17 .7  

FIG. I8 
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COMPONENTS FOR CURVED  SEGMENTED  GRAPHITE  PERMEABLE  WALL 

FIG. 19 
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CURVED  SEGMENTED  GRAPHITE  PERMEABLE WALL TORCH IN OPERATION 

F IG.  20 
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.. . . . . . . . . _. . . . . . . -. . .. . . . 

PERMEABLE WALL (ALSiMAG)  TORCH  OPERATING  WITH  NaCL  SOLID  FEED 

F IG.  21 
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